The Xenopus T box family member VegT is expressed maternally in the vegetal hemisphere of the embryo. Mis-expression of VegT in prospective ectodermal tissue causes ectopic activation of mesodermal and endodermal markers, and ablation of VegT transcripts prevents proper formation of the mesendoderm, with the entire embryo developing as epidermis. These observations define VegT as a key initiator of mesendodermal development in the Xenopus embryo, and in an effort to understand how it exerts its effects we have used microarray analysis to compare gene expression in control animal caps with that in ectodermal tissue expressing an activated form of VegT. This procedure allowed the identification of 99 potential VegT targets, and we went on to study the expression patterns of these genes and then to ask, for those that are expressed in mesoderm or endoderm, which are direct targets of VegT. The putative regulatory regions of the resulting 14 genes were examined for T domain binding sites, and we also asked whether their expression is down-regulated in embryos in which VegT RNA is ablated. Finally, the functions of these genes were assayed by both over-expression and by use of antisense morpholino oligonucleotides. Our results provide new insights into the function of VegT during early Xenopus development. q
Introduction
Members of the T box gene family play important roles in development and disease, and in the Xenopus embryo the maternal T box family member VegT (also known as Brat, Xombi and Antipodean) (Horb and Thomsen, 1997; Lustig et al., 1996; Stennard et al., 1996; Zhang and King, 1996) is of particular significance. Mis-expression of VegT in prospective ectodermal tissue causes the activation of a wide range of genes that are normally expressed in endoderm and mesoderm (Conlon et al., 2001) , while reduction of maternal transcripts causes vegetal pole cells to lose their mesoderm-inducing ability and the embryo as a whole fails to express many mesodermal and endodermal markers, instead forming epidermis (Kofron et al., 1999; Zhang et al., 1998) .
A proper understanding of mesendoderm formation in Xenopus requires a complete inventory of the genes that are activated by VegT and of those that require VegT for their expression. One would then like to know how these VegT target genes are induced and what their functions are in the cascade of events that leads to the formation of mesoderm and endoderm (Loose and Patient, 2004) . In this paper we take the first steps towards those goals by comparing gene expression in control animal caps with that in animal pole tissue in which VegT is expressed ectopically. We have gone on to study the expression patterns of the genes thus identified, and for those that are expressed in mesoderm or endoderm we have asked whether their up-regulation by VegT is direct. The promoter regions of the direct targets were screened for T domain binding sites, and we have asked whether expression of these genes during www.elsevier.com/locate/modo development requires VegT. Finally, we have carried out a preliminary investigation into the functions of the direct targets of VegT using both over-expression and antisense morpholino oligonucleotide approaches. Our work provides insights into the function of VegT in the early amphibian embryo, and adds to our understanding of the network of interactions that is responsible for formation of the mesoderm and endoderm (Loose and Patient, 2004) .
Results

Gene activation in response to expression of VegT in animal pole regions
In an effort to identify genes that are activated by VegT in a direct manner, Xenopus embryos were injected at the one-cell stage with RNA (200 pg) encoding VegT-GR, a hormone-inducible version of VegT (White et al., 2002) . The fusion protein encoded by this construct is sequestered by the heat-shock apparatus of the cell and remains inactive until dexamethasone is added to the culture medium. Use of this construct allows accurate temporal control of ectopic VegT function, permitting one to isolate genes that are induced within a defined period following VegT activation. Embryos were allowed to develop to mid-blastula stage 8.5, when animal pole regions were dissected and cultured for 2.5 h in the presence or absence of dexamethasone until they reached stage 10-10.25. Two animal caps from each sample were maintained in culture to confirm, by the onset of convergent extension movements, that induction had occurred ( Fig. 1 inset) and the remainder were frozen and subsequently used for RNA extraction. An aliquot of each RNA sample was assayed for expression of the VegT target Bix4 (Casey et al., 1999) as further confirmation that induction had occurred (Fig. 1) , and RNA extracted from different batches of embryos on different days was combined to provide 200 mg total RNA in each pool (induced and uninduced).
The microarray slides used in these experiments are described by Cho and colleagues (Peiffer et al., 2003; Shin et al., 2004) . They bear 42,240 cDNAs from a normalised cDNA library, and have been used to identify novel genes expressed in Spemann's organiser, to search for novel target genes of growth factors such as activin, BMP and Wnt3, and to identify novel genes expressed in neural tissues (Peiffer et al., 2003; Shin et al., 2004) .
Our analyses were carried out in duplicate. RNA derived from the 'induced' pool was labelled with Cy5 and that from the 'uninduced' pool with Cy3. The two pools were mixed and hybridised to two slides, each containing approximately 21,000 cDNAs. Cy3 and Cy5 fluorescence was measured for each cDNA, and those with readings above background and with at least a two-fold difference between the two fluorescence channels in both analyses were defined as VegT targets ( Fig. 2A) .
VegT acts as an activator of transcription (Conlon et al., 2001) and we first analysed genes that are up-regulated in the induced pool of RNA. The sequences of the cDNAs that are spotted onto the microarray slides are available at http:// xenopus.nibb.ac.jp, where they have been organised into clusters representing single genes. In a few cases, information about a particular up-regulated cDNA proved to be unavailable, and these were sequenced separately. Using these data, the up-regulated cDNAs identified by microarray analysis were arranged into groups apparently representing 104 genes. BLAST analyses, using Fig. 1 . A hormone-inducible version of VegT (VegT-GR) causes animal caps to undergo convergent extension (inset) and to activate expression of Bix4. No effect is observed in the absence of dexamethasone. Animal caps were dissected from embryos injected with 200 pg RNA encoding VegT-GR. They were cultured to mid-blastula stage 8.5 and animal pole regions were dissected and cultured in the presence or absence of 2 mM dexamethasone (Dex) until the equivalent of early gastrula stage when they were frozen and assayed by real-time RT-PCR for expression of the VegT target Bix4. Two animal caps were maintained in culture to confirm, by the onset of convergent extension movements, that induction had occurred (inset). " several on-line databases, were carried out, and at this stage five clones were excluded from further analysis. Two consisted solely of BlueScript sequence, and one of Escherichia coli sequence. The remaining two consisted of two different cDNAs in the same vector. These results are presented in Table 1 , which shows that many genes (which are represented in multiple copies on the microarray slides) have been identified several times in our screen. Observations such as this enhance our confidence in these genes as genuine VegT targets.
Transcription factors comprise the most common class of gene that is up-regulated by VegT, and a combined group consisting of secreted factors or ligands, receptors, and components of signal transduction pathways, is almost as common (Fig. 2B ). These observations suggest that one role of VegT is to set in train a series of inductive interactions that is responsible for subsequent patterning events in the Xenopus embryo (Kimelman and Griffin, 1998; White et al., 2002) .
We note that we have we been unable to identify cDNA XL014j19, although our recent analyses suggest that it probably represents the 3 0 UTR of Xenopus Ras (accession number BC078037). Further experiments indicate that Ras, like XL014j19 is a direct target of VegT (data not shown).
Embryos that lack maternal VegT transcripts express elevated levels of ectodermal markers such as NCAM, nrp-1 and the epidermal keratin XK81 (Zhang et al., 1998) . We also, therefore, searched for genes that are down-regulated in response to VegT. Such genes are presented in Table 2 , which includes epidermis-specific genes including a type I keratin and a serine protease. We do not yet know whether expression of these genes is down-regulated directly or indirectly by VegT, and we do not study them further in this paper.
Expression patterns of genes activated by VegT
To confirm that the genes that are up-regulated in our microarray analysis are bonafide VegT targets, we first made the prediction that they should be expressed in the vegetal hemisphere of the embryo, where VegT is expressed, or in the marginal zone, where signalling molecules that are activated by VegT might be expected to exert their effects. For each of the 99 genes identified as being up-regulated by VegT (Table 1) we therefore selected the clone containing the most 5 0 sequence, in the expectation that this, in a cDNA library synthesised using oligo-dT primers, would be the most likely to be full-length and might therefore provide the most specific probe for in situ hybridisation. In situ hybridisation was carried out on bisected Xenopus embryos at early gastrula stage 10. Bisection of embryos allows more efficient penetration of the in situ hybridisation probe, and stage 10 was selected because any direct target of VegT should be expressed at this stage. Each expression pattern was analysed on at least three different batches of embryos, and the results are illustrated in Fig. 3 and summarised in Table 1, which indicates the germ layer(s) in which the gene in question is expressed.
The observed expression patterns were reproducible between different egg batches, although there was some variation in endodermal staining (indicated by a question mark in Table 1 ). This variability is likely to derive from differences in probe penetration, even in bisected embryos. Our criterion here was that if nuclear staining was observed in at least one of the egg batches then it was likely that the gene is expressed in these yolky cells. Most of the expression patterns we observe are consistent with published data, where available, although there were some differences. These may derive from the use of different probes for in situ hybridisation or from differences in defining the boundaries between ectoderm, endoderm and mesoderm.
Of the 99 genes examined, 24 were expressed to detectable levels in the ectoderm (Table 1) , and these were eliminated from further analysis.
Direct activation of VegT target genes
In coming to understand the action of VegT, it is important to identify genes that are activated directly by this transcription factor (Loose and Patient, 2004) . One criterion of direct action is that the gene in question should be induced by VegT in the absence of intervening protein synthesis (Casey et al., 1999) . To address this issue we designed primer pairs for each of the remaining 75 genes using MacVector and Primer3 software, so that their activation could be studied by RT-PCR. The primer pairs were tested by use of the LightCycler real-time PCR machine on RNA extracted from Xenopus embryos at the early gastrula stage. As described in Table 3 , 37 of the primer pairs failed to yield a product, and further analysis concentrated on the remaining 38 genes.
To test for direct activation of these genes by VegT, RNA encoding VegT-GR (200 pg) was injected into Xenopus embryos at the one-cell stage and animal pole regions were dissected at stage 8. The animal caps were cultured in the presence or absence of 2 mM dexamethasone and 10 mM cycloheximide for 2.5 h, until the equivalent of early gastrula stage 10-10.25, when RNA was extracted. Animal caps were also dissected from uninjected embryos and cultured in the presence of 35 S labelled methionine to confirm the efficacy of cycloheximide treatment (see Section 4). This experiment was carried out three times, and the three batches of RNA derived from each experiment were pooled and tested by real time RT-PCR for direct activation of Bix4 and indirect activation of Mixer, two genes previously identified as direct and indirect targets of VegT, respectively, (Fig. 4) (Tada et al., 1998; Yasuo and Lemaire, 1999) .
Of the 38 genes tested, all except Xybp were activated at least two-fold by VegT-GR plus dexamethasone, indicating that the original microarray analysis provides an accurate Table 1 Genes that are up-regulated when VegT is over expressed (continued on next page) The identity of each clone up-regulated by the over-expression of VegT was discovered by BLAST searches (results shown in columns 2 and 3). Clones were grouped into sets representing the same gene, and the average fold up-regulation for all clones in both of the duplicate analyses was calculated. The clusters corresponding to these genes were located on Professor Naoto Ueno's website (http://xenopus.nibb.ac.jp) and the most 5 0 clone of each cluster was identified reflection of gene induction by VegT. Nine of the genes, including Xybp and Dkk1 (Fig. 4) , were activated in VegT-GR expressing animal caps cultured in the presence of cycloheximide alone ( Fig. 4 ; Table 4), and for these genes it is not possible to determine whether they are activated directly by VegT-GR.
Of the remaining 29 genes, the level of activation by VegT-GR and dexamethasone in the presence of cycloheximide varied. Cycloheximide proved to inhibit protein synthesis by at least 90%, and for a gene to be classified as a direct target of VegT, we required that its response to VegT-GR plus dexamethasone in the presence of cycloheximide should exceed that of control animal caps by 10% of the difference between the response to VegT-GR plus cycloheximide and the response to VegT-GR plus dexamethasone. According to this criterion, 13 of the 29 genes proved to be direct targets of VegT (Table 4) . These include Derrière and Endodermin, both of which have previously been shown to be targets of VegT (White et al., 2002; Xanthos et al., 2001) , and newly-identified targets such as Xvent1 and Chordin, which both play important roles in early embryonic patterning (Oelgeschlager et al., 2003; Onichtchouk et al., 1998; Sun et al., 1999) . With the exception of SDR1, many of these genes have already been identified in Xenopus laevis, although some are significantly better characterised than others. The cDNA XL014j19, which we suspect is part of the 3 0 UTR of Xenopus Ras, was also identified as a direct target. Sixteen of the genes proved to be indirect targets ( Fig. 4 ; Table 4), and were not activated by dexamethasone in the presence of cycloheximide. These include a number of well characterised genes, such as Mixer (Henry and Melton, 1998) , MyoD (Hopwood et al., 1989) and Wnt11 (Saka et al., 2000; Tada and Smith, 2000) , but most are poorly characterised. More detailed study of these genes will provide valuable information about processes occurring further downstream of VegT.
Search for T domain binding sites
The identification of a group of direct VegT targets should allow a detailed analysis of VegT response elements, and the observation that Xbra (Saka et al., 2000) , but not VegT (Table 4) , can activate expression of Xwnt11 in a direct fashion should also allow further analysis of the specificity of T domain proteins (Conlon et al., 2001) . Binding site selection experiments have revealed that T domain proteins interact most strongly with the sequence TCACACCT (Conlon et al., 2001; Kispert and Herrmann, 1993) , although variations from this canonical motif do occur (Di Gregorio and Levine, 1999) . In the absence of a significant number of T domain target genes (Tada and Smith, 2001) , one cannot predict the extent of such variations, but for the analysis described below we have allowed just a single nucleotide change from the canonical motif, and also required that the resulting site satisfies the consensus sequence TNNCAC(C/T)(T/C), which is derived from the binding site selection experiments of Conlon and colleagues (2001) , from work in ascidians (Di Gregorio and Levine, 1999) , and from the crystal structure of the Xbra DNA binding domain bound to the palindromic sequence AATTTCACACCTAGGTGTGAAATT (Di Gregorio and Levine, 1999; Muller and Herrmann, 1997) . These criteria are likely to be more stringent than is strictly necessary, but we prefer to err on the side of caution.
We have asked whether our direct VegT targets contain such a T domain target sequence in their regulatory regions by taking advantage of the Xenopus tropicalis genome project (http://genome.jgi-psf. org/xenopus0/xenopus0.home.html). The limited data that are available suggest that promoter sequences are The identity of each clone was discovered by BLAST searches, and clones were grouped into sets representing the same gene. The average fold downregulation for each gene was calculated and the most 5 0 clone of each cluster identified. Fig. 3 . In situ hybridisation analysis of genes that are up-regulated by VegT. Embryos were fixed at early gastrula stage 10, bisected, and subjected to in situ hybridisation. The first image shows the expression pattern of VegT/Antipodean and the second a schematic representation of the three germ layers, colourcoded as in Table 3 , with ectoderm shaded red, mesoderm yellow, and endoderm blue. The images are labelled according to the clone identification number of the gene in question. Fig. 4 . Classification of VegT targets as 'Direct', 'Indirect', or 'Induced by Cycloheximide'. Bix4 is classified as a direct target because it is activated by VegT-GR and dexamethasone in the presence of cycloheximide (CHI). Mixer is classified as indirect because it is not activated by VegT-GR and dexamethasone in the presence of cycloheximide. Dkk1 is activated by cycloheximide alone, and no conclusions can be drawn as to its response to VegT. Animal caps were dissected from embryos injected with 200 pg RNA encoding VegT-GR as described in the legend to Fig. 1 and treated with cycloheximide (CHI: 10 mM) or dexamethasone (Dex: 2 mM) or both, as indicated, and cultured to the equivalent of early gastrula stage 10-10.25, when they were assayed by real-time RT-PCR for expression of Bix4, Mixer and Dkk1.
conserved between X. laevis and tropicalis. For example, the promoter region of Xenopus Bix4 contains three putative T domain binding sites spaced in a characteristic manner (Casey et al., 1999; Tada et al., 1998) , and similar sites, arranged in a similar manner, are present upstream of the single Xenopus tropicalis Bix gene (Fig. 5) . We therefore used the sequence of the X. laevis clones to identify the corresponding X. tropicalis EST consensus sequence, which was then used to search the second assembly of the X. tropicalis genome (see Section 4). A region 6 kb upstream of the start of each consensus sequence was scanned for T box binding sites. The expression level of each gene was assessed to ask if it could be activated by VegT-GR plus dexamethasone (Dex) in the presence of the protein synthesis inhibitor cycloheximide (CHI). Control, animal cap explants from uninjected embryos; VegT-GR, animal cap explants from embryos injected with RNA encoding VegT-GR; CHI, cultured in the presence of 10 mM cycloheximide; Dex, cultured in the presence of 2 mM dexamethasone. (A) Expression levels of direct target genes, which can be activated by VegT-GR plus dexamethasone in the presence of cycloheximide. (B) Expression levels of indirect target genes, which cannot be activated by VegT-GR plus dexamethasone in the presence of cycloheximide. In (A) and (B) the expression level of each gene was expressed relative to its expression level in the VegT-GRCDex sample, which was set to 100. (C) Expression levels of genes that are activated by cycloheximide alone, so it is not possible to assess whether they are activated directly by VegT. The expression of each gene was expressed relative to its expression level in the VegT-GRCCHI sample, which was set to 100.
Our observations are summarised in Table 5 , which shows that at least 10 of the 13 direct targets of VegT contain putative T domain binding sites that correspond to the criteria described above. At least one putative binding site was found within 1.8 kb of all 10 genes, with all except Xangio1 having at least one site within 1 kb. The sequence upstream of Pinhead contained a single putative binding site, but the others contain at least two, and Xvent1 as many as eight. These observations are consistent with the idea that VegT activates transcription of these genes directly.
The requirement for VegT
The experiments described above identify 13 genes that are activated directly by VegT. To address the question of whether VegT is necessary for expression of these genes, we asked whether they are expressed in embryos in which maternal VegT has been ablated (Kofron et al., 1999; Zhang et al., 1998) . The results of these experiments are shown in Fig. 6 , which indicates that of the 13 genes studied, eight require VegT for normal expression levels to be detected at the early gastrula stage. The presence of T domain binding sites in the promoters of these 13 genes does not predict whether VegT is required for their expression. For example, Xangio1 possesses five T domain binding sites, yet its expression is slightly elevated in embryos lacking VegT; and we have identified no T domain sites in the promoter of Esr-4, yet it requires VegT for their expression (Fig. 6) . It is possible, of course, that these genes possess T domain sites that fit the TNNCAC(C/T)(T/C) consensus sequence, but do not conform to our rather more strict definition of such a site; this is under investigation. Casey et al., 1999) and XtBix, illustrating the similar arrangements of T box binding sites.
Functional analyses of VegT targets: over-expression
VegT plays an important role in the formation of endoderm and mesoderm in the Xenopus embryo, and as we discuss below our long-term aim is to identify all genes that are activated by VegT and all those that require VegT for their expression, and then to ask how these genes are regulated and what their functions are, and to create a 'network' of gene function (Loose and Patient, 2004) . The functions of several of the direct targets of VegT identified in Fig. 6 . Analysis of the expression of direct VegT targets in embryos lacking VegT. RNA was extracted at the equivalent of early gastrula stage 10.5 from control embryos or from embryos depleted in maternal VegT mRNA. Expression of the indicated genes was analysed by real-time RT-PCR, with Xbra, Xsox17a, Bix4 and Xlim-5 acting as positive controls; expression of the first three is known to be down-regulated in embryos lacking VegT, while expression of Xlim-5 is enhanced. White et al., 2002) , Prickle (Takeuchi et al., 2003) , Pinhead (Kenwrick et al., 2004) , Chordin (Oelgeschlager et al., 2003) and Vent-1 (Onichtchouk et al., 1998) . As a first step towards analysing the functions of the other VegT targets, we have employed both over-expression and 'knock-down' approaches.
Over-expression experiments, like the knock-down work described below, used X. tropicalis. cDNAs representing the genes of interest (Table 6) were obtained from the X. tropicalis 'full-length' set (Gilchrist et al., 2004) . RNA (0.5 ng) was injected into embryos of X. tropicalis at the onecell stage, and embryos were allowed to develop to swimming tadpole stages.
The results of this experiment are shown in Fig. 7 , which combines results from two separate egg batches. Injection of the negative control, b-galactosidase, did not perturb development, whilst injection of a positive control, X. tropicalis (Xt) Bix, caused the formation of poorly differentiated embryos lacking heads and axial structures. They resembled X. laevis embryos over-expressing Bix1 (Tada et al., 1998) .
Of the direct targets of VegT identified in this study, over-expression of XtVent1 caused loss of dorsal and anterior structures, as described in experiments using X. laevis Vent1 (Gawantka et al., 1995) , and over-expression of XtPinhead caused a slight increase in the size of the head, also as observed in experiments using X. laevis (Kenwrick et al., 2004) . In contrast to the X. laevis experiments, however, we did not observe epidermal blistering in embryos expressing XtPinhead (Kenwrick et al., 2004) .
Half of the embryos injected with RNA encoding XtEsr5 appeared short and curved dorsally, whilst the remainder resembled controls. None of the injected embryos was able to move, and they did not develop beyond tadpole stages. These results are reminiscent of those observed following overexpression of Esr5 in X. laevis, which causes a disruption of somitogenesis (Jen et al., 1999) . In contrast, over-expression of XtEsr4, which in X. laevis is also involved in somitogenesis (Jen et al., 1999) , has no effect on development.
Over-expression of XtHesr1 and XtSnail caused defects in gastrulation, although the phenotypes of the two types of embryo differed in some respects. Embryos injected with XtHesr1 were short, twisted or bent, and the majority had spina bifida. Hesr1 transcripts are present during gastrulation in X. laevis, but highest expression occurs during neurula and tailbud stages (Pichon et al., 2002; Rones et al., 2002) , suggesting that the endogenous gene plays more significant roles at these later stages. Over-expression of XtSnail also disrupted blastopore closure, albeit with lower frequency than did XtHesr1, resulting in embryos that appeared short and bent. Snail is expressed throughout the mesoderm in X. laevis (Essex et al., 1993) and it functions as a transcriptional repressor (LaBonne and Bronner-Fraser, 2000) , suggesting that it regulates the expression of genes required for normal gastrulation to occur.
Over-expression of XtPrickle, XtAngio1 and XtSDR did not perturb development. Angio1 and SDR have not been The X. tropicalis full length clone ID represents the clone used in over-expression experiments. Nucleotides in bold in the oligonucleotide sequence recognise the first AUG of the target sequence. The Esr4 sequence does not recognise the first AUG, but like the other 'ATG' MOs is designed to inhibit translation of the mRNA. studied previously, but over-expression of Prickle in X. laevis disrupts gastrulation movements (Takeuchi et al., 2003) . We do not yet know why we observe no phenotype following over-expression of XtPrickle, and this is under investigation.
Functional analyses of VegT targets: knock-down
In addition to the over-expression approach, we have used antisense morpholino oligonucleotides to inhibit the functions of the previously unstudied genes in Table 4 , including Esr4, Esr5 (Jen et al., 1999) , Snail (Essex et al., 1993) , Endodermin , Xangio1 (accession number U72029), SDR1 (Haeseleer et al., 1998) and Hesr1 (Pichon et al., 2002) .
This work was carried out using embryos of X. tropicalis rather than X. laevis, in the hope that use of this diploid species would reduce the incidence of 'functional redundancy', and thereby produce more pronounced, and biologically relevant, phenotypes (Kenwrick et al., 2004; Khokha et al., 2002; Nutt et al., 2001) . Antisense morpholino oligonucleotides designed to inhibit translation of the proteins in question were designed by Gene Tools (Table 6) . A suitable sequence was not identified in the 5 0 region of the Snail transcript, so, in an effort to design an oligonucleotide that might inhibit splicing, the genomic sequence of Snail was derived from the second assembly of the X. tropicalis genome (http://genome.jgi-psf.org/ xenopus0/xenopus0.home.html). The gene proved to contain two introns and sequence around the splice donor site of intron 2 (within the region encoding the zinc fingers) was used to design a suitable antisense morpholino oligonucleotide (Table 6 ). The efficacy of this antisense morpholino oligonucleotide was tested by extracting RNA from injected embryos and analysing it by PCR, using primers positioned on either side of intron 2. In control embryos these primers amplified a product of the expected size (Fig. 8) . RNA extracted from embryos injected with the specific antisense Fig. 8 . Inhibition of proper splicing of XtSnail by an antisense morpholino oligonucleotide. (A) The structure of Xenopus tropicalis Snail. The red region indicates the SNAG domain that is characteristic of the Snail family, while the blue regions represent the zinc fingers. The antisense morpholino oligonucleotide is designed to bind to the splice donor site of intron 2, which is positioned immediately after the region encoding zinc finger 3. (B) RT-PCR analysis indicates that normal splicing is inhibited by the antisense morpholino oligonucleotide. RNA was extracted from control or injected embryos at stage 10 and stage 13, as indicated, and analysed by RT-PCR. Injection of the specific oligonucleotide prevented proper splicing, represented by the lower arrow, and instead caused the production of several PCR products, the largest of which (upper arrow) results from retention of intron 2. morpholino oligonucleotide did not yield such a product, but did produce a prominent band (Fig. 8) that, on sequencing, proved to include intron 2. The resulting sequence encodes a stretch of 28 unrelated amino acids after the splice donor site, followed by a stop codon (data not shown). We note that other, smaller, PCR products were also present (Fig. 8) , which may result from the use of alternative or cryptic splice sites.
Morpholino oligonucleotides designed to inhibit translation were injected into X. tropicalis embryos at the one cell stage, using a total of 15 ng per embryo. Oligonucleotides directed against Xangio1, SDR and Esr5 yielded no significant phenotype (Fig. 9) . Embryos injected with an oligonucleotide directed against Endodermin developed apparently normally until tadpole stages but when touched such tadpoles failed to swim away, instead exhibiting twitching movements (Fig. 9) . The oligonucleotide directed against Esr4 yielded a mild phenotype, with slightly curved embryos that were delayed in their development. They showed no movement at tailbud stages, although the heart was still beating. Over-expression experiments suggest that Esr4 and Esr5 are involved in segmentation of the somites, (Jen et al., 1999) , a role that is consistent with the lack of movement we observe, although the somites in our experiments appear normal. Co-injection of antisense morpholino oligonucleotides directed against Esr4 and Esr5 does not enhance the Esr4 phenotype (Fig. 9) .
The strongest phenotypes were obtained with oligonucleotides directed against Hesr1 and with the oligonucleotide designed to inhibit the correct splicing of Xsnail mRNA. Embryos injected with an antisense oligonucleotide directed against Hesr1 had a shortened axis with reduction in head structures. They showed no movement at tailbud stages, and had disintegrated by stage 40 (Fig. 9) .
Embryos injected with a morpholino oligonucleotide designed to inhibit splicing of X. tropicalis snail had a slightly more marked phenotype, with a more severely shortened axis and a reduction in both head and tail structures. They did not show any movement and disintegrated during tailbud stages (Fig. 9) .
Discussion
VegT is required for the formation of both mesoderm and endoderm in the developing Xenopus embryo (Xanthos et al., 2001; Zhang et al., 1998 ). It appears to regulate endodermal differentiation directly, in the sense that cells inheriting VegT transcripts go on to form this germ layer, while its role in mesoderm formation may, at least in part, be indirect, with VegT inducing the expression of the secreted factors that induce mesoderm from the equatorial region of the embryo (Agius et al., 2000; Clements et al., 1999; Kofron et al., 1999; White et al., 2002; Xanthos et al., 2001; Yasuo and Lemaire, 1999) .
These observations indicate that VegT occupies a key position in the cascade of events that leads to normal mesendoderm formation, and if one were to identify all the targets of this gene, and to understand how they are regulated and how they exert their effects, one could claim to have made a significant contribution to our understanding of germ layer specification in amphibian development. With this in mind we have undertaken microarray analyses to identify genes that are activated by ectopic expression of VegT. As we discuss below, our results add to the emerging network of genetic interactions that underlie mesendoderm formation (Loose and Patient, 2004) .
Gene activation by VegT
Our work has identified 13 genes that are activated by VegT in a direct fashion, in the sense that their expression can be induced by a hormone-inducible version of VegT in the absence of intervening protein synthesis. This cannot represent the entire repertoire of direct VegT targets, and indeed some known targets have not been isolated in our work, including members of the Bix/Mix (Henry and Melton, 1998; Rosa, 1989; Tada et al., 1998) and nodalrelated (Jones et al., 1995; Joseph and Melton, 1997; Takahashi et al., 2000) families. These genes, and perhaps other that have not been identified, may be expressed only at low levels in induced animal pole regions, or may be poorly represented on our microarrays.
Those direct targets that have been identified fall into several categories, including genes that encode ligands, such as Derrière ; inhibitors of extracellular ligands, such as Chordin Sasai et al., 1994) ; components of signal transduction pathways, such as Ras (Gotoh et al., 1995; Hartley et al., 1994; LaBonne et al., 1995; Umbhauer et al., 1995) ; targets of the Notch signal transduction pathway, such as Esr4, Esr5 (Jen et al., 1999) and Hesr1 (Pichon et al., 2002; Rones et al., 2002) ; transcription factors, such as Snail (LaBonne and Bronner-Fraser, 2000; Sargent and Bennett, 1990) and Xvent1 (Gawantka et al., 1995; Onichtchouk et al., 1998) ; and other gene products of unknown function. Together with other VegT targets such as the Bix/Mix family and the nodal-related genes, these results indicate that VegT activates the expression of an array of molecules implicated in early and late mesendoderm formation and which function at different levels of many different signal transduction pathways.
Our work has also identified several indirect targets of VegT, which can be categorised, like those of the direct VegT targets, as ligands, components of signal transduction pathways, and transcription factors. These results, in concert with existing data, will help in the construction of a detailed regulatory network for mesendoderm formation (Loose and Patient, 2004) . The data also reveal some interesting differences between members of gene families: for example, Mixer, which plays a very important role in mesendoderm development (Henry and Melton, 1998; Kofron et al., 2004) , is an indirect target of VegT, while Bix4, a member of the same gene family, is a direct target.
VegT-dependent genes
The observation that a gene can be activated directly by VegT does not necessarily indicate that it requires VegT for its expression. Of the 13 direct targets studied in this paper, however, eight require VegT for activation to normal levels. These include endodermin, derrière, Snail, Esr-4, Esr-5, Pinhead, Xvent-1 and Chordin, genes that might therefore be classified amongst the most important of the VegT targets.
VegT target gene function
Another criterion by which one might define the most significant VegT targets concerns the biological effects of the molecules. We have addressed this point by both overexpression and 'knock-down' experiments, both of which approaches identify XtHesr1 and XtSnail as being involved in early developmental events. It is genes like these to which we shall next turn, and in particular to Snail, which, as we discuss above, is activated directly by VegT and requires VegT for its expression. Previous work has placed most emphasis on the role of Snail in the development of the neural crest (Mayor et al., 1995) , but our results suggest that it may also play a role in mesoderm formation.
T-box target sequences
Finally, we note that 10 of the 13 genes we define as direct targets of VegT contain putative T domain binding sites within 1.8 kb of the presumed transcription start site. It will be interesting to investigate the roles of these binding sites in the expression patterns of the genes in question and to ask if there are any differences in the ways that the genes respond to different members of the T box family, thereby shedding light on the question of the functional specificity of T box gene action (Conlon et al., 2001) . One remarkable observation is that a single T box binding site is sufficient under certain circumstances to confer mesoderm-specific gene expression on a reporter otherwise consisting of just a minimal promoter (Casey et al., 1999) , and we shall ask to what extent this depends on the position of the T box site within the promoter and how the presence of additional sites affects the expression of a reporter gene. It will also be of interest to investigate the promoters of the genes of interest using transgenic Xenopus embryos (Amaya and Kroll, 1999; Kroll and Amaya, 1996) and to define the sites through which T box proteins exert their effects by functional criteria.
Experimental procedures
Embryos
Xenopus laevis embryos were obtained by artificial fertilisation. They were maintained in 10% normal amphibian medium (NAM) (Slack, 1984) and staged according to Nieuwkoop and Faber (1975) . Injections of RNA were carried out in 75% NAM containing 4% Ficoll and embryos were transferred to 10% NAM before gastrulation. Animal pole regions were dissected as described (Smith, 1993) . Dexamethasone treatment was performed by transferring animal caps to 2 mM dexamethasone in 75% NAM. Cycloheximide treatment was performed by transferring animal caps to 10 mM cycloheximide in 75% NAM. The efficacy of cycloheximide treatment was assessed by preparing parallel cultures of animal caps in medium containing 0.56 MBq ml K1 [35S]-methionine. The caps were cultured in the presence or absence of 10 mM cycloheximide and frozen at the same time as those used for measurements of gene expression. Cycloheximide treatment reduced incorporation of [35S]-methionine into acid-precipitable material by at least 90% (data not shown).
Embryos of X. tropicalis were obtained and manipulated as described (Khokha et al., 2002) .
Ablation of maternal VegT mRNA
Ablation of maternal VegT transcripts was carried out as described (Xanthos et al., 2001; Zhang et al., 1998) .
Constructs
The VegT-GR construct has been described previously (White et al., 2002) . cDNAs used for in situ hybridisation experiments were kindly provided by Professor Naoto Ueno. X. tropicalis cDNAs used for over-expression experiments were obtained from the 'full-length set' described by Gilchrist and colleagues (2004) , itself based on the Wellcome Trust Sanger Institute X. tropicalis EST project (http:// www.sanger.ac.uk/Projects/X_tropicalis/). RNA was transcribed from these constructs as described (Smith, 1993) .
Microarray analysis
X. laevis cDNA microarray slides were constructed using 42,240 cDNAs from a normalised neurula and tailbud (stage 15 and stage 25) cDNA library together with 326 cDNAs from a collection in the Cho laboratory (Peiffer et al., 2003; Shin et al., 2004) . cDNAs were printed onto Corning CMT-GAP slides with a homemade robotic arrayer. Fluorescently labelled cDNA probes were generated as described (Shin et al., 2004) . Briefly, 50 mg total RNA was used in a reverse transcription reaction with oligo(dT) 20 using Superscript II enzyme (Gibco) in the presence of Cy5-(for RNA derived from animal caps treated with dexamethasone) or Cy3-dUTP (for RNA from control animal caps). After the reverse transcription reactions, the samples were treated with 1 ml of 1 M NaOH to degrade RNA. Cy3 and Cy5 labelled cDNA probes were combined and purified using a PCR purification kit (Qiagen) followed by Microcon YM-30 spin column filters (Amicon). The eluate was adjusted to a volume of 17 ml and mixed with an equal volume of 2! hybridization buffer (0.2% SDS, 6.8! SSC and yeast tRNA at 1 mg/ml). Each hybridisation was performed in duplicate at 65 8C for 20 h, and the slides were washed as described (Tran et al., 2002) . Hybridised slides were scanned with a GenePix 4000B scanner (Axon Instruments). The laser power was set to 100% and PMT voltage (normally 700-900 V) was adjusted depending upon levels of signal saturation. For array data analysis, we used the GenePix Pro image acquisition program and GeneData Expressionist.
In situ hybridisation
In situ hybridisations were performed essentially as described (Harland, 1991) except that BM purple was used as a substrate and embryos were bisected before carrying out the procedure in order to improve probe penetration.
Analysis of gene expression by real-time RT-PCR
RNA was extracted using the Roche TriPure reagent according to the manufacturer's protocol. Briefly, animal caps were homogenised in 500 ml TriPure reagent, extracted with 200 ml chloroform and incubated on ice for 15 min. Debris was removed by centrifugation and nucleic acids were precipitated by addition of isopropanol. DNA was removed by incubation for 30 min at 37 8C in RNAase-free DNAase followed by Proteinase K treatment for a further 30 min. Samples were phenol/chloroform extracted and RNA was precipitated with 2 volumes of ethanol and 1/6 volume 5 M sodium acetate at K20 8C for 30 min.
Gene expression analyses were carried out by real time reverse transcription PCR and a LightCycler Systeme (Roche). Primers are listed in Table 3 .
Genome analyses
The sequences of the X. laevis clones studied in this paper were used to identify the corresponding X. tropicalis EST sequence cluster in the X. tropicalis full length database (http://www.gurdon.cam.ac.uk/informatics/ Xenopus.html). The consensus sequence of the cluster was then used to identify the genomic sequence of the gene from the X. tropicalis genome project (http://genome.jgi-psf.org/ xenopus0/xenopus0.home.html). In both cases searches were carried out using BLASTn, seeking to identify sequence matches with an E-value better than 10 K10 . Matches to the genomic sequence were further restricted to at least 99% identity. A region 6 kb upstream of the start of the cluster consensus sequence was then searched for T box sites in either orientation. For the purpose of this paper we define a canonical T box site as TCACACCT, and we permit one difference from this sequence while requiring that the motif still corresponds to the consensus TNNCAC(C/T) (T/C) (see Sections 2 and 3).
Antisense morpholino oligonucleotides
These were designed by Gene Tools, and 15 ng of each was injected into X. tropicalis embryos at the one cell stage.
